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The  theoretical  description  of  electrochemical  artiﬁcial  muscles  sensing  while  working  any  mechanical
perturbation  is  presented  and  corroborated  by experimental  results.  The  polymeric  motors  sense  (haptic
motors) any  variable  acting  on the driving  chemical  reaction  rate.  Only  two  connecting  wires  contain,
and  the  computer  reads  at any  time  of the  movement,  actuating  (current)  and  sensing  (potential  or
energy)  magnitudes.  The  computer/generator/muscle  system  mimics  brain/muscles  feedback  communi-eywords:
onducting polymers
ensing-actuators
aptic artiﬁcial muscles
cation.  Based  on electrochemical  and  polymeric  principles,  a multifunctional  sensing-actuating  equation
is attained,  including  information  about:  the  movement  rate,  the  muscle  position,  the chemical  ambient,
the  working  temperature  and  the  mechanical  perturbations.  The equation  describes  the  artiﬁcial  experi-
mental  mechanical  awareness  and  proprioception  and  the  quantitative  relationships  between  actuating
and sensing  variables.  Most  intelligent  and  simplest  zoomorphic  and  anthropomorphic  tools  and  robots
©  201
heoretical models
echanical awareness
are  envisaged.
. Introduction
Any human being trailing an object grasped in his hand is aware
t any time (even if he cannot see it) of: the weight of the object;
he force required to keep it grasped without breaking it; how
ransferring it the required mechanical energy and direction to
et a goal located at a distance; the magnitude of the transferred
nergy; the exact position, at any moment and related to any other
ody’s part, of the hand; the rate and direction of the movement;
he fatigue state of the arm muscles, or the presence of obstacles
n the arm’s way during the movement (Fig. 1A). The feedback
ommunication between muscles and brain originates the human
and mammals) mechanical awareness: the brain proprioception
f the body–arm-surroundings mechanical interactions during the
ovement [1–3].
Today artiﬁcial haptic devices, haptic virtual interfaces and
aptic artiﬁcial skins, are constituted by separated sensors and
ctuators, each requiring two connecting wires [4,5]. Engineers
nd robot designers have been dreaming for decades with
he availability of motors sensing, by themselves, physical and
hemical ambient variables (as natural muscles do) for the
∗ Corresponding author. Tel.: +34 968325519; fax: +34 968325915.
E-mail address: toribio.fotero@upct.es (T.F. Otero).
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construction of smarter and simpler tools and robots. Despite con-
tinuous and clever advances, powerful-limiting barriers persist.
On one side our technological motors and sensors are constituted
by solid and dry components that keep a constant composition
during actuation: they are thermo-mechanical motors submit-
ted to the Carnot’s efﬁciency servitude. On the other side soft
and wet  materials (dense gels) constitute the functional cells
of natural muscles, nerves and brain working at the constant
body’s temperature (outside the Carnot’s servitude). They are
driven by chemical reactions, triggered by electrical (ionic) ner-
vous signals and they sense (haptic) the working mechanical,
thermal and chemical conditions: they are sensing chemical
motors.
A plethora of inorganic and organic actuators have been devel-
oped during the last 30 years [6–8]. The artiﬁcial muscles based
on polymeric materials are the closest ones to natural muscles
[9–16]. Among those, conducting polymers include ions and water
exchange under actuation driven by electrochemical reactions.
Their mechanical performance [17] is being improved by the use of
interpenetrated polymer networks [18], by using polyelectrolytes
or plasticizers [19] or by studying the inﬂuence of ions and solvents
[20–23] on the actuation.
Here our aim is to demonstrate, theoretically and empirically,
that artiﬁcial muscles [24,25] constituted by dense gels of conduct-
Open access under CC BY-NC-ND license.ing polymers and driven by electrochemical reactions (polymeric
electrical motors) can sense by themselves while working (not
requiring additional sensors) any mechanical perturbation: they
can mimic  haptic natural muscles (Fig. 1B). Starting from basic
icense.
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oFig. 1. (A) Human mechanical awareness and (B) artiﬁ
lectrochemical and polymeric principles we will try to get a
hysical–chemical equation able to describe the multifunctional
ystem including the characteristic magnitudes of the working
otor and those of the mechanical sensors, constituting a math-
matical description of the artiﬁcial mechanical awareness.
.1. Driving chemical reaction
Artiﬁcial muscles based on the electrochemistry of the consti-
utive chains of conducting polymers (Pol) exchanging anions (A−)
ith the solution (sol) for charge balance in the ﬁlm are driven by
he reaction:
Pol∗)s + n(A−)sol + m(S)
ox

red
[(Pol)n+(A−)n(S)m]gel + ne− (1)
here Pol* represents the active centers of the polymeric chains
hat will store a positive charge after oxidation, subindex s
eans solid, the exchanged solvent (S, water in this case) balance
he osmotic pressure in the gel. Forwards and backwards reac-
ions drive molecular (conformations) or macroscopic (relaxation,
welling, shrinking and compaction) structural changes [26,27].
.2. Gel reactions sense physical and chemical ambient
The Le-Chatelier principle [28] can be applied to the chemical
quilibrium 1 that, after reformulation, can be applied out-
ide the chemical equilibrium to the forwards or backwards
eaction: any chemical or physical (mechanical here) perturbation
f the electrochemical reaction rate (driving here the musclepected mechanical awareness from artiﬁcial muscles.
movement rate) shifts the reaction overpotential (energy of the
electrons in reaction (1)) to ﬁt the new imposed energetic require-
ments. This new formulation is deduced from the empirical
responses got in the past decade from artiﬁcial muscles driven by
constant currents and recently reviewed [29,30]: the muscle poten-
tial at any described position (or the electrical energy consumed to
attain that position) senses while working, electrolyte concentra-
tion, temperature, driving current, obstacles or trailed weight.
1.3. Artiﬁcial reactive muscles are faradaic polymeric
sensing-motors
Bending artiﬁcial muscles constituted by active conducting
polymers are faradaic devices [27,31,32]: the driving speciﬁc cur-
rent, i (A g−1), controls the rate of the angular movement, ω = k·i
(rad s−1), and the consumed speciﬁc charge during the movement
controls both, the angular position and the amplitude of the dis-
placement,  ˛ = k1·q (rad), where k (rad A−1 s−1) and k1 (rad C−1, or
rad A−1 s) are characteristic constants of the system being q the
consumed speciﬁc charge (C g−1).
Both, actuating (current, i) and sensing (muscle potential, E)
magnitudes are present (and can be read by the computer at any
time) in the two  connecting wires needed to close the electrical
circuit. The system computer/generator/artiﬁcial muscle mim-
ics the brain/muscles feedback sensing/actuating communication
[33,34].
Our aim now is to provide engineers, materials scientists,
biologists and robot designers with a theoretical description of
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hose motors sensing by themselves any mechanical perturbation
obstacle in its way, trailed weight, internal or external strain, pres-
ure, and so on) while working.
. Materials and methods
Experimental conditions, reactants and equipment used for the
eneration of the polypyrrole ﬁlms on stainless steel have been
escribed in previous papers [33].
Bilayer artiﬁcial muscles were constructed by adhesion of a
on-conducting adhesive tape from Marco to one side of the elec-
rogenerated polypyrrole ﬁlm. Resulting bilayer dimensions were
5 mm × 4 mm of active (inside the electrolyte) polypyrrole having
 mass of 3.6075 mg.  This is a full polymeric device not including
ny metal among both the polymeric ﬁlms.
Once the bilayer was constructed, its electrochemical behav-
or was controlled in 0.5 M LiClO4 aqueous solution, by potential
weeps (5 consecutive cycles in order to get stationary voltammet-
ic responses by erasing any previous material memory) between
0.7 and 0.4 V versus the reference electrode (Ag/AgCl 3 M KCl
rom Metrohm, every potential in this work is referred to this
lectrode) at 5 mV  s−1. By integration of the stationary voltammo-
ram the voltammetric charge is attained. The potential cycling
as stopped after the last reduction sweep at −0.7 V, getting every
ime the same reduced state of the polypyrrole (PPy) ﬁlm. Then the
hronopotentiometric responses were obtained by applying ﬁve
onsecutive square waves of current: oxidation by ﬂow of 2 mA for
00 s, then reduction by ﬂow of −2 mA  for 100 s (involved charges
ever overcome the voltammetric charge). Stationary chronopo-
entiometric responses were attained after two consecutive square
urrent waves. The same procedure, describing the same angle, was
epeated trailing now the muscle every time a different steel mass
ttached to the muscle bottom. The fourth consecutive experimen-
al oxidation and reduction chronopotentiometric responses were
sed to check the theoretical description. The procedure guaran-
ees transitions between the same two states (same initial reduced
tate and same ﬁnal oxidized state for the oxidation reaction by
onsumption of the same charge) every time, as required for the
heoretical development.
The bending movement of the muscles was recorded, in parallel
o voltammetric or chronopotentiometric responses, employing a
ideo camera EVI-D31/B (Sony) connected to a computer through
 Matrox Meteor II video acquisition card. From the consecutive
rames, angles, times and consumed charges were attained.
Young’s modulus from the tape and the polypyrrole ﬁlms were
easured with a universal test frame machine Qtest from MTS  Sys-
ems. Five different samples of every material (polypyrrole ﬁlms or
ape) were employed to get the average value.
Mathematical treatment, simulations and integrals were per-
ormed employing Matlab R2008b software.
. Theoretical model
Artiﬁcial muscles constituted by conducting polymers work
riven by the electrochemical reaction (1) (forwards and back-
ards). The above reformulated Le-Chatelier principle, when
pplied to bending artiﬁcial muscles driven by a constant current
 (constant reaction rate) states that at any intermediate position
oth, the muscle potential and the electrical energy consumed
o get that position, will shift (will sense) until self-adapt to
he new imposed energetic (mechanical in our case) conditions.
he electrical energy, U; the driving current, i, and the muscle
otential, E, are linked by: U (J) = i, where  = E − E0 (V) is the
uscle overpotential at any time (at any intermediate position)
f the current ﬂow, with E0 the standard potential for reactionctuators B 195 (2014) 365–372 367
(1). The electrochemical potential is an intensive property: the
principle will be applied from molecular motors (constituted by
one oligomeric chain) to nanoscopic, microscopic or macroscopic
artiﬁcial muscles driven by such reaction.
The chemical equilibrium 1 and the muscle driven chemical
reaction (1) (forwards or backwards) rates are affected by: the elec-
trolyte concentration (in general by the chemical ambient), the
material (concentration of active centers in the polymer, under-
stood as those chain centers where a positive charge will be stored
after oxidation), the temperature, any internal or external mechan-
ical variable (trailed weights, obstacles, pressure, strain) acting on
the volume variation (from Pol, to [(Poln+)(A−)n(S)m]). Empirical
results attained from different conducting polymers exchanging
anions or cations for both p-doping or n-doping reactions follow
this principle [27,31,32].
Complex electrochemical reactions like reaction (1) involving
more than one reactant located in separated media (Pol is in the gel
ﬁlm and A− is inside the solution) and having reaction orders differ-
ent than 1, have been theoretically treated by K.J. Vetter [35]. The
reaction rate for the oxidation process (see supplementary infor-
mation for the theoretical description of the reduction process) can
be expressed as:
ra = iaFV = ka[A
−]d[Pol∗]e (2)
where ra (mol s−1 g−1) is the speciﬁc reaction rate for the oxidation
process (reaction (1) forwards), ia (A g−1) is the constant speciﬁc
anodic current ﬂowing through the muscle, F is the Faraday con-
stant (F = 96,485 C mol−1), V (L3) is the volume of the reduced and
dry reactive CP ﬁlm inside the electrolyte (cm3), ka (mol L−1 s−1) is
the rate constant (or the rate coefﬁcient) for the anodic (oxidation)
process, [A−] (mol L−1) is the concentration of anions in solution,
[Pol*] (mol L−1, or mol  g−1) is the concentration, or the speciﬁc con-
centration, of active centers in the polymer ﬁlm and d and e are the
empirical reaction orders related to the concentration of anions or
active centers, respectively [26].
Considering the Arrhenius expression for the reaction coefﬁ-
cient [36]:
k = A exp
(
− Ea
RT
)
(3)
where A is the pre-exponential factor and Ea (J mol−1) the
reaction activation energy, R is the universal gas constant
(R = 8.314 J K−1 mol−1) and T (K) is the working temperature. Taking
into account the thermodynamic relationships between: the acti-
vation energy and the reaction entropy increment (S, J K−1); the
S  relationships with both, the reaction enthalpy increment (H,
J mol−1) and the increment of the mechanical work, (PV,  N m);
and the Gibbs equation [36], the rate coefﬁcient becomes:
ka = A′a exp
(
−Ga0 − (1 − ˛)nF(E − E0)
RT
)
exp
(
(PV)
RT
)
= ka0 exp
(
(1 − ˛)nF(E − E0)
RT
)
exp
(
(PV)
RT
)
(4)
wherewhere ka0 = Aa ′ exp(− Ga0/RT) is the standard rate coef-
ﬁcient, with  meaning increment,  ˛ is the electrochemical
symmetry factor, n is the number of charges involved in a chain
reaction, E (V) is the potential, E0 is the standard potential and P
(N m−3) is the pressure.
From Eqs. (2) and (4):
ia = FVka0[A−]d[Pol∗]e exp
(
(1 − ˛)nF(E − E0)) exp((PV)) (5)
RT RT
Eq. (5) is the basic Buttler–Volmer equation of the electro-
chemical kinetics, now applied to reactive gels and including the
mechanical work, (PV).
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The potential E (V) of the muscle under ﬂow of a constant speciﬁc
nodic current, ia (A m−2 or A g−1), is obtained from Eq. (5):
 = E0 −
(PV)
(1 − ˛)nF +
RT
(1 − ˛)nF
×
{
ln
(
ia
FV
)
− d ln[A−] − e ln[Pol∗] − ln ka0
}
(6)
The driving constant current, ia (A g−1), deﬁnes (through the
araday’s law) the evolution of the active centers concentration,
Pol*] (mol L−1, or mol  g−1), in the ﬁlm during the time of current
ow. After its substitution in Eq. (6), including also the electrochem-
cal cell impedance, Z (), the evolution of the muscle potential
long the reaction time, E(t), is attained [33,34]:
 = E0 + iaZ −
(PV)
(1 − ˛)nF +
RT
(1 − ˛)nF
×
{
ln
(
ia
FV
)
− d ln[A−] − e ln
(
[Pol∗]initial −
iat
FV
)
− ln ka0
}
(7)
Eq. (7) was obtained from reaction (1): it describes the evolu-
ion of any device potential (constituted by conducting polymers,
s artiﬁcial muscles, batteries, smart windows, smart membranes,
mart drug delivery, artiﬁcial chemical synapse, chemical sensors,
nd so on) under ﬂow of a constant current (driven by a constant
lectrochemical reaction rate). It includes both actuating and sens-
ng magnitudes:
 ia (A g−1) controls the rate of change of the chemical driven prop-
erty (muscle go or back movement rate, battery charge/discharge,
absorption or reﬂection variations in electrochromic devices,
ionic ﬂow in membranes, mole of ions or neurotransmitters liber-
ated/inserted from a solution, and potential or consumed energy
evolution as a function of the physical and chemical variables, for
any of the above electrochemical devices);
 iat = Q (C), the consumed charge controls the amplitude of
the property variation, i.e. position and described angle for
muscles, charge state in batteries or absorbance variation in elec-
trochromic systems.
 and the working variables {mechanical, through the mechani-
cal work, (PV);  temperature, T; and electrolyte concentration
[A−]}. Any perturbation of those variables will be sensed, through
Eq. (7), by the potential evolution.
So, Eq. (7) is the basic multifunctional (mechanical sensors plus
ctuators) equation that we were looking for. It constitutes the
uasi-awareness basic equation that we were in search of.
.1. The n electrons extracted/injected from/to a chain are not
quivalent
According to the polymer science the n electrons extracted
reaction (1)) from a chain cannot be extracted at the same time.
ny conducting polymer chain has consecutive and different ion-
zation potentials (ﬁrst, second, . . .,  nth) for the extraction of the
rst, second, . . .,  nth electron. So, n electrons are extracted from
very chain through n consecutive steps of one electron. Consider-
ng, in this initial approach, a monodisperse polymer ﬁlm (all the
hains have the same length) n consecutive chemical equilibriums
an be stated being E1, E2, E3, . . .,  En the oxidation potential for the
quilibriums stated by extraction of the ﬁrst, second, . . .,  nth consec-
tive electrons, respectively. Eq. (7) describes the evolution of the
aterial potential during the extraction of any ith electrons from
ach of the ﬁlm chains constituting the ﬁlm under ﬂow of a constant
urrent. Assuming that a constant potential step is produced every
ime between the extraction the last i − 1 electron from the chainsctuators B 195 (2014) 365–372
and the extraction of the ﬁrst i electron: (Ei − Ei−1) = E(i − 1) and
En(t) becomes:
En(t) = E0 + iaZ + E(n − 1) −
(PV)
(1 − ˛)F +
RT
(1 − ˛)F
{
ln
(
ia
FV
)
−d ln[A−] − e ln
(
[Pol∗]initial −
iat
FV
)
− ln ka0
}
(8)
This expression describes the temperature [33], electrolyte
concentration and driving current [34] inﬂuence on the poten-
tial evolution of working artiﬁcial muscles. Now the term,
−(PV)/(1 − ˛)F accounts for the inﬂuence of any mechanical
perturbation on the potential evolution: under different mechan-
ical conditions driven by a constant current the muscle potential
describes different chronopotentiometric (E/t) responses when
moving between the same initial and ﬁnal positions.
Eq. (8) describes the mechanical, chemical and thermal aware-
ness of the muscle.
The potential evolution of the ﬁlm during oxidation by the
extraction of the n consecutive electrons from each chain becomes a
stair function of n consecutive steps corresponding to the extraction
of the ﬁrst, second, . . .,  nth electron:
E(t) =
∑
En(t)pn(t) = E1(t)p1(t) + E2(t)p2(t) + · · · + En(t)pn(t) (9)
where pn(t) is the unitary pulse function which value is 1 during
the time required to extract the nth electron from each of the ﬁlm
chains and zero outside this time; and En(t) is given by Eq. (8).
3.2. Mechanical perturbations
Considering a bending bilayer (conducting polymer/tape) mus-
cle (the description is valid for any structure of the artiﬁcial muscle),
the term (PV)  includes the different mechanical works involved
in the muscle actuation and required to:
a. bend the CP and the tape ﬁlms,
. trail the mass of those ﬁlms,
c. trail any other mass (steel mass) attached to the muscle bottom,
. touch and shift an obstacle,
e. produce, or respond, any change of internal or external pressure,
strain or stress applied to the device while working.
So, considering the three initial (a–c) components, Eq. (8)
becomes:
En(t) = E0 + iaZ + E(n − 1) −
2l(YPolx + Ytapex + mg) sin(k1Q/2)
(1 − ˛)F
+ RT
(1 − ˛)F
{
ln
(
ia
FV
)
− d ln[A−] − e ln
(
[Pol∗]initial −
iat
FV
)
− ln ka0
}
(10)
where YPolx is the force required to bend the polymer layer fol-
lowing Hooke’s law being YPol (MPa) the Young’s modulus of the
conducting polymer ﬁlm and x (m)  is the vertical displacement
produced by the bending movement; Ytapex is the force required
to bend the tape being Ytape (MPa) its Young’s modulus; mg  is the
force required to elevate the mass, m (g), of those two layers plus
the mass of any object attached to the bilayer for a vertical dis-
tance x, being g the gravimetric acceleration (g = 9.81 m s−2);  ˛ is
the angle described during the movement,  ˛ (rad) = k1Q, being Q
(C) the charge driving the reaction and l (m)  is the length of the
bilayer bending inside the electrolyte. Eq. (10) describes the inﬂu-
ence of the trailed mass, m,  on the muscle potential evolution along
the time of current ﬂow, that means at different described angles, ˛
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Fig. 2. Construction of the bilayer artiﬁcial muscle: (A) polypyrrole ﬁlm electrogenerated on a steel electrode. (B) Peeling the PPy ﬁlm off. (C) Attaching the PPy strip to the
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Fon-conducting tape. (D) Cutting borders of tape. (E) Painting an isolating paint stri
n  the electrolyte. (F) Three electrodes electrochemical cell employed for the experim
r  anticlockwise, H–G, respectively) is described by the muscle trailing steel masse
 ˛ = k1q = k1it), when the muscle describes the same angular route
or trailing every mass.
Eq. (10) describes the mechanical awareness of artiﬁcial muscles
railing different masses.
Working under constant experimental conditions except for the
ass, m,  of the attached steel, the mass sensing linear equation is
ttained,
n(t) = C1 + C2 · m (11)
here the two constants are:
1 = E0 + iaZ + E(n − 1) −
2l(YPolx + Ytapex) sin(k1Q/2)
(1 − ˛)F
+ RT
(1 − ˛)F
{
ln
(
ia
FV
)
− d ln[A−] − e ln
(
[Pol∗]initial −
iat
FV
)
− ln ka0
}
and C2 = −
2 lg sin(k1Q/2)
(1 − ˛)F
Eq. (11) describes the mechanical sensor: rising steel masses
ttached to the muscle bottom are expected to produce a linear shift
f the muscles potential trailing the different masses, measured
very time when the muscle passes through the same position (for
he same time of the constant current ﬂow).
. Experiments ﬁt theoretical description
In order to check Eqs. (10) and (11), experimental responses
ere obtained from bending polypyrrole/tape bilayer muscles
oving, go and back, through a constant angle (Fig. 2) driven by
quare current waves and trailing attached steel rings. The bending
ovement always started from the same initial position. A constant
nodic (oxidation) current of 2 mA  was applied to the muscle during
 constant time (100 s) (constant consumed charge, Q, and constant
peciﬁc charge, q = Q/m, per unit of CP mass inside the electrolyte)
btaining a constant angular displacement of 70 ± 2◦. By ﬂow of
he same cathodic current (reduction) during the same time the
riginal position is recovered.
This square current wave, driving reverse go and back move-
ents, was repeated for ﬁve times getting consecutive steady state
uscle-potential/time (chronopotentiometric) responses.
The full procedure was repeated every time after attach-
ng one more steel ring to the bilayer bottom. Full lines in
ig. 3A and B present the evolutions of the muscle potentialvoid capillarity. (F–H) Bending movement of the bilayer muscle under current ﬂow
. By ﬂow of a constant charge (anodic or cathodic) a constant angle (clockwise, G–H,
hed to its bottom. (I) Steel rings employed during the experiments.
trailing different steel masses during the muscle oxidation
(anodic current ﬂow) or reduction (cathodic current ﬂow),
respectively.
Theoretical results were simulated from Eqs. (8) and (10) for an
experimental current of 2 mA (−2 mA during reduction), an initial
concentration of active centers [Pol*] of 2 mol  l−1; being the elec-
trochemical symmetry factor  ˛ = 0.5, n = 190 [33]; the dimensions
of the polypyrrole ﬁlm inside the solution are: length, 2 cm; width,
1 cm;  ﬁlm mass, 1.6 mg;  ﬁlm density, 1540 g l−1 [37]; the electrolyte
concentration [A−] was  0.5 M,  working at ambient temperature
(25 ◦C), for the reaction orders: d = 0.7 and e = 1.2 being the rate coef-
ﬁcient ka0 = kc0 = 1.0142 × 10−10 mol  l−1 s−1, values obtained from
electrochemical kinetic studies [26]. The Young’s modulus was
measured with a universal test frame machine as described in
the experimental part, obtaining average values of YPol = 1250 MPa
for the employed polypyrrole ﬁlms and Ytape = 96 MPa  for the tape
employed in the bilayer construction.
A good agreement exists between theoretical and experimental
results, corroborating that Eqs. (8) and (10) describe the inﬂuence
of the mechanical working conditions, including any mechanical
perturbation, on the artiﬁcial muscles.
4.1. Evolution of the consumed muscle energy: model and results
The consumed electrical energy, U (J), results a good empirical
sensor of the working mechanical conditions for different artiﬁ-
cial muscles and electrolytes [27,31,32]. Those sensing abilities of
the electrical energy consumed by the muscle can be theoretically
described by integration of the theoretical chronopotentiometric
responses, Eqs. (8) and (10):
U(t) = I
∫
E(t)dt = E0t + Zi2at + E(n − 1)iat
+ 2lt(YPolx + Ytapex + mg) sin(k1Q/2)
(  ˛ − 1)F
+ RTt
(  ˛ − 1)F
{
d ln[A−] − e ln
(
[Pol∗]initial −
iat
FV
− 1
)
(
[Pol∗]initial − iat
) (
ia
) }×
iaV
− ln
FV
+ ln ka0 (12)
Under constant chemical and physical conditions when the
muscle trails different masses through the same angle, the energy
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Fig. 3. Chronopotentiometric response from a bilayer polypyrrole/tape artiﬁcial muscle bending in 0.5 M LiClO4 aqueous solution by ﬂow of (A) 2 mA (clockwise bending) or
(B)  −2 mA  (anticlockwise bending) trailing different steel masses, indicated in the ﬁgure, attached to its bottom through an angle of 70◦ . Parallel evolution of the consumed
electrical energy (C) for the anodic process and (D) for the cathodic process (straight lines correspond to experimental results and dotted lines correspond to theoretical
r s of an
M onsta
a sumed
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f
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w
iesults). Sensing calibration curves: (E) Muscle potential from A after different time
uscle potential from B after different times of cathodic current ﬂow (at different c
fter  different times of anodic current ﬂow as a function of the trailed mass. (H) Con
f  the trailed mass.
onsumed up to attaining the same position every time becomes,
rom Eq. (12), a linear sensing function of the trailed mass:
(t) = C3(t) + C4(t) · m (13)
here C3(t) = E0t + Zi2at + E(n − 1)iat + 2lt(YPolx+Ytapex) sin(k1Q/2)(˛−1)F +
RTt
(˛−1)F
{
d ln[A−] − e ln
(
[Pol∗]initial − iatFV − 1
)( [Pol∗]initial−iat
iaV
)
−ln
(
ia
FV
)
+ ln ka0
}
and C4(t) = 2glt sin(k1Q/2)(˛−1)F
Again a good agreement exists between theoretical and exper-
mental results (Fig. 3C and D), corroborating that the model isodic current ﬂow (at different constant angles) as a function of the trailed mass. (F)
nt angles) as a function of the trailed mass. (G) Consumed electrical energy from C
 electrical energy from D after different times of cathodic current ﬂow as a function
able to describe both, the experimental results here obtained and
previous empirical results from literature.
4.2. Sensing calibration
Experimental and theoretical muscle potentials and the elec-
trical energies consumed were taken from Fig. 3A–D for different
times of current ﬂow (20, 40, 60 and 80 s). The attained mass sen-
sor calibration lines (Eqs. (11) and (13)) during both, oxidation or
reduction reactions (go and back movement of the muscle) are
presented in Fig. 3E–H.
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Table  1
Mechanical (gravitatory) energy needed to elevate the attached steel mass (m) or the attached mass plus the mass of the bilayer muscle (m′) for 5.13 mm.  Efﬁciencies were
obtained related to the consumed electrical energy during the experiment.
Attached mass (mg) Mechanical energy, mgh mJ  Mechanical energy′ , m′gh mJ  Electrical energy (mJ) Efﬁciency, mgh  Efﬁciency, m′gh
0 0 0.71 168.1 0% 0.42%
39  1.98 2.69 174.76 1.13% 1.54%
79  4.00 4.71 183.26 2.18% 2.57%
132  6.66 7.37 188.35 3.53% 3.91%
m
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c
d184  9.29 10.01
236 11.90 12.61 
294  14.82 15.53 
The slopes deﬁne the trailing mass sensitivity of the
uscle potential: 1.00 ± 0.10 mV  mg−1 during oxidation and
.67 ± 0.09 mV  mg−1 during reduction. The difference between
oth sensitivities could be related to the energetic asymmetry of
xidation and reduction reactions in CPs [38].
As predicted by Eq. (13) the sensitivity (slope) of the electri-
al energy consumed to attain a constant position of the muscle
ncreases for rising reaction times (C3 and C4 are functions of t):
ny constant reaction rate requires more energy when the reac-
ion advances and the concentration of the reactants decreases. The
ensitivities of the oxidation process were: 46.65, 99.29, 149.11 and
95.47 J mg−1 after 25, 50, 75 or 100 s of current ﬂow, respectively.
he sensitivities of the reduction process were: −28.10, −56.75,
85.68 and -121.30 J mg−1 after 25, 50, 75 and 100 s of current
ow, respectively. Similar time dependent sensitivities of the mus-
le energy were obtained from muscles working at either different
emperatures, in different electrolyte concentrations or for differ-
nt applied currents [33,34].
.3. Efﬁciency
The different masses were vertically lifted for 5.13 mm.  The
echanical energy produced by the muscles to lift a mass is Ug
J) = m (g)·g  (m s−2)·h (m). The energetic efﬁciency of the muscle
electrical polymeric motor) to produce this mechanical energy can
e obtained from the consumed electrical energy above calculated
Eq. (12) and Fig. 3). Table 1 shows the muscle efﬁciency to trail
he attached mass (msteel), or considering, moreover the attached
ass, that of the active polypyrrole ﬁlm (mPol) and that of the tape
mtape = mPol + mtape + msteel, all of them in g).
The muscle efﬁciency increases with the trailed mass. This result
ndicates that, being constant the charge consumed during actu-
tion, a thicker fraction of the polypyrrole layer (from the tape)
articipates to generate the required stress gradient by volume
ariation, to keep the constant displacement rate when the trailed
ass increases. The rest of the ﬁlm consumes charge, swells and
hrinks but do not participate to create the stress gradient.
The attained efﬁciencies are higher than those described from
olyaniline ﬁbers [39] or by Okuzaki et al. for polypyrrole ﬁlms [40].
imilar efﬁciencies for a free polypyrrole based muscle (not trailing
asses) have been described by Kaneto el al. [41,42].
.4. Electrochemical devices based on CPs sense mechanical
erturbations
Dual actuating-sensing Eqs. (10) and (12) were developed from
eaction (1): they describe dual actuating-sensing properties of
he reaction. Thus, any device based on conducting polymers
riven by the same reaction (actuators and artiﬁcial muscles;
olymeric batteries and supercapacitors; smart windows, mir-
ors or light ﬁlters; smart membranes; artiﬁcial glands or smart
rug delivery devices; artiﬁcial chemical synapses; or electro-
hemical transistors and ion gates, among others) will behave as
ual and simultaneous sensing/actuators described by the same193.51 4.80% 5.17%
199.54 5.96% 6.32%
204.67 7.24% 7.59%
equations. Any of them will be a multifunctional device sensing
mechanical (internal or external) perturbations while working.
As proved here for mechanical sensing muscles both, actuat-
ing and sensing magnitudes are simultaneously present and can
be read by the computer, at any time, in the two  connecting
wires. New artiﬁcial kinesthetic feedback systems and/or tactile
feedback systems can be developed. The way is open from the
already developed artiﬁcial muscles sensing the mechanical, ther-
mal  and chemical conditions of work [29,31–34] and from the
new tactile muscles sensing the presence of obstacles in its way
and providing information about the opposed mechanical resis-
tance and whether the muscle can, or cannot, shift the obstacle
[30–32].
5. Conclusion
A new world of dual and multi sensing-actuators (hap-
tic) electrochemical devices is envisaged from reactive, dense
and biomimetic gels of: conducting polymers, redox polymers,
fullerene derivatives, carbon nanotube derivatives, phtalocyanines,
viologen, pyridines, and any organic compound forming ﬁlms
that follow oxidation/reduction reactions in electrolytes (liquid
or solid). Actuation is here understood as any device develop-
ing an action (movement, charge/discharge, absorption–reﬂection
variation, and so on) driven by a reaction of the constitutive
material. Any of those devices will sense, while working: tem-
perature, electrolyte concentration, driving or produced current,
mechanical conditions (internal or external) and the reaction
extension. Here the mechanical awareness of haptic muscles sens-
ing the mechanical ambient being both, the muscle movement
characteristics and the sensor responses, read and controlled simul-
taneously by a computer, was modeled. Actuating (current) and
sensing (potential or energy) signals are simultaneously present,
at any actuating time, in the only two  connecting wires. The
artiﬁcial mechanical awareness of sensing-muscles is quantita-
tively described by a physical–chemical equation. The system
artiﬁcial muscle–generator–computer mimics the brain-muscles
haptic functions and its feedback communication. New multi-
sensing-actuating intelligent tools integrated in one (physically
uniform) chemical (reactive) device constitute a breaking scientiﬁc
and technological border that will allow the construction of new
generations of most intelligent and awareness tools, kinesthetic
feedback systems and/or tactile feedback systems that envisage
zoomorphic and anthropomorphic (shape, texture and behavior)
robots.
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